Core-shell electrocatalysts consisting of a thin layer of Pt deposited on the surface of a lower cost nanoparticle, such as Pd, have been considered as one of the promising candidates to replace Pt/C at the cathode of proton exchange membrane fuel cells (PEMFCs). [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] As only surface atoms actively participate in the oxygen reduction reaction (ORR), this approach can significantly enhance the utilization of Pt, i.e., lower the ratio of unexposed Pt atoms wasted inside of the particles. The core-shell structure can also provide significant benefits in cost reduction since the core is less expensive than Pt. In addition, the geometric and electronic effects induced by the underlying substrate can enhance the activity of the Pt shell for the ORR, leading to a greater activity per mass of Pt than that expected based on utilization improvement alone. [13] [14] [15] Cu-mediated-Pt-displacement method that involves the displacement of an underpotentially deposited (UPD) Cu monolayer by Pt has been extensively studied to prepare core-shell catalysts since Adzic's pioneer work. 2 In this method, the Cu monolayer deposited on the core (for example Pd) is displaced by Pt via a surface limited redox replacement (SLRR) reaction: Pd@Cu + PtCl 4 2− → Pd@Pt + Cu 2+ + 4Cl − , as illustrated in Fig. 1 . A wide variety of core-shell electrocatalysts consisting of different types of cores have been synthesized on a microgram scale on a rotating disk electrode (RDE) tip. 4 For some core-shell catalysts, the Pt mass activities can be 10 times higher than that of Pt/C measured by RDE. 5, 16, 17 Ideally, a uniform Pt monolayer is deposited on the core after all the Cu atoms are replaced. However, our previous study demonstrated that Pt clusters rather than a uniform Pt shell are formed on Pd nanoparticles (Fig. 1) . 5 The mechanism underlying this observation is that the SLRR process involves the electron transfer from the substrate (Pd in this case) to PtCl 4 2− ions, rather than direct electron exchange = These authors contributed equally to this work. * Electrochemical Society Student Member. * * Electrochemical Society Fellow. * * * Electrochemical Society Member.
z E-mail: kemshao@ust.hk from Cu. That means electrons generated anywhere on the surface can move freely through Pd substrate, reducing PtCl 4 2− ions wherever their activity and surface energy are greatest. 18 In other words, the Pt atom may not deposit on the same site left by the Cu dissolution, but rather on Pt that was already deposited on the core leading to the formation of Pt clusters. Due to the incomplete Pt coverage and low Pt usage, it is expected to have lower activity and stability than a perfect core-shell structure. Thus, to synthesize core-shell materials with good quality on a large scale, the key is to force the Pt atom to deposit on the surface of the core rather than on Pt atoms already deposited by manipulating the Cu-Pt displacement reaction kinetics.
We found that the coverage of Pt shell could be significantly improved by adding a certain additive in the Cu-Pt displacement solutions. 5, 19, 20 The Pt mass activity of Pd@Pt/C was improved by two times with the assistance of citric acid in the synthesis process. 20 It should be noted that the undisclosed additive in Refs. 5 and 19 is also citric acid. The role of citric acid in perfecting the Pt shell on Pd substrate is unknown. In this study, the specific adsorption of citric acid on surfaces of Pt and Pd, and its effect on the Pt deposition were investigated by combining electrochemical techniques and Molecular Dynamics simulations.
Experimental
Electrochemistry.-Approximately 10 mg of Pd/C (35%, TKK) or Pt/C (46%, TKK) was ultrasonically dispersed in a mixing solvent consisting of 10 mL of water, 5 mL of isopropanol, and 30 μL of 5% Nafion (Aldrich) for 10 min. 10 μL of the suspension was deposited on a pre-cleaned glassy carbon rotating disk electrode (Pine Instruments) and allowed to dry in air. A leak-free Ag/AgCl (BASi) electrode calibrated by a reversible hydrogen electrode (RHE) in the corresponding electrolyte was used as the reference electrode. All the potentials in this study were reported against RHE. The working electrode was cycled between 0.02 (0.07 for Pd/C) and 1.2 V for 10 cycles in an Ar-saturated 0.1 M HClO 4 (GFS Chemicals, Veritas double In the synthesis of Pd@Pt/C on a RDE tip, a Cu UPD monolayer was deposited on the Pd/C electrode and then displaced by Pt in 0.05 M H 2 SO 4 + 1 mM K 2 PtCl 4 solutions with citric acid concentrations varying from 0 to 0.2 M. The solution was stirred at 100 rpm. During the displacement, the OCP of the Pd/C covered RDE tip was monitored with a leak-free Ag/AgCl reference electrode. In the gram batch synthesis, Pd/C nanoparticles were dispersed in an Ar-saturated 50 mM H 2 SO 4 + 50 mM CuSO 4 solution and stirred at 300 rpm in a custom reactor comprised a graphite sheet (the working electrode) at the bottom, carbon cloth (the counter electrode), and a leak-free Ag/AgCl reference electrode. The potential was held at approximately 0.37 V vs. Ag/AgCl to deposit a Cu UPD monolayer on Pd nanoparticles. Immediately upon completion of the Cu UPD, deaerated aqueous solutions of 10 mM K 2 PtCl 4 with or without 0.2 M citric acid was added to the reactor in 2 min. During the addition of the displacement solution and displacement reaction, the OCP of the graphite sheet was also recorded. Since nanoparticles in the synthesis suspension contacted with the graphite during stirring, the potential of the graphite was approximately the OCP of nanoparticles.
Molecular dynamics (MD) simulation.-The commercial software Material Studio (Version 6.1, Accelrys Inc, 2014) was used to perform MD simulations using the Discover module. The periodic canonical ensemble (NVT) with the COMPASS (Condensed-phase Optimized Molecular Potentials for Atomistic Simulation Studies) forcefield was used to calculate the potential energy of the system. 21 This forcefield is particularly useful for this system because its parameters are derived from ab initio data, which can be applied to predict organic and inorganic materials in both gas-phases and condensedphases. 22 The Pd lattice (
was cleaved into the (111) slab surface with dimensions of ∼25 × 25 Å and thickness of 15 Å. To compare the interaction of the surface with a deposited monolayer of Cu or Pt, the top surface of the Pd surface is replaced with Cu or Pt atoms (denoted as surfaces Cu/Pd(111) and Pt/Pd(111) respectively), such that they follow the (111) lattice packing system. The adsorption of citric acid was simulated using a model that consists of 50 molecules placed randomly at a distance from the surface with a further 10 Å vacuum space. The molecules will allow us to analyze its behavior, which can lead to an explanation of the stable Pt monolayer deposition on Pd nanoparticles. In order to simulate the replacement of Cu by Pt on the surface during the UPD process, the pure Pd(111) surface with seven atomic layers were replaced, such that the top layer becomes Pt atoms, the second layer becomes Cu atoms, and the bottom five layers remain as Pd atoms. The structure was firstly minimized, followed by replacing the forcefield of Cu from metallic Cu to Cu 2+ ion. The simulation was run for 1000 ps with timestep of 1 fs at room temperature (298 K) in this study. The molecular model of the unit cell used in the MD simulation and the molecular structure of citric acid are shown in Figs. 2a and 2b, respectively. The motion of the atoms became stable within 500 ps, which was used to calculate the diffusivity by measuring the slope from the plot of the mean squared displacement (MSD) against time. 23 The diffusivity, D α , is given by:
where N is the number of diffusive atoms, and r is the position vector of the atom in the system. Since the MSD value is averaged over the number of atoms, the equation simplifies to D α = a/6.
Results and Discussion
We firstly conducted linear sweep voltammetry (LSV) measurements in order to investigate the effect of citric acid on deposition kinetics of Pt on the surfaces of Pd and Pt nanoparticles in Ar-saturated 0.05 M H 2 SO 4 + 1 mM K 2 PtCl 4 solutions with or without 0.1 M citric acid. The potential was scanned from the OCP to 0.3 V. Without citric acid in the deposition solution, the Pt deposition on Pd/C started at the OCP (∼0.86 V), as shown in Fig. 3 (black line). The current peak for the deposition was observed at 0.68 V. Upon adding 0.1 M citric acid in the solution, the onset potential of deposition did not change despite of slightly smaller currents between 0.86 and 0.76 V (red line). The result suggests that there is no complexation of Pt cations with citrate ions, otherwise the onset potential should be shifted according to the Nernst Equation. At potentials lower than 0.76 V, the faradaic currents associated with Pt electrodeposition increased slightly with a weak current peak at 0.5 V, which was 0.18 V more negative than that without citric acid. This result implies that the existence of citric acid interfered the Pt deposition on Pd surfaces.
To gain more insight in the specific adsorption of citric acid on Pd surfaces, CVs of Pd/C in Ar-saturated 0.05 M H 2 SO 4 solutions with and without 10 mM citric acid were compared. A typical CV for Pd/C (∼4 nm) without citric acid is shown in Fig. 4a (black line) . The current peaks for hydrogen adsorption/desorption (H UPD) between 0.1 and 0.3 V were clearly observed. In the anodic scanning direction, the faradaic current associated with OH formation started to rise at 0.73 V. With 10 mM citric acid in the electrolyte (red line in Fig. 4a) , the H UPD peaks were slightly narrowed. The narrowing of H UPD peaks suggests an overlapping of H and citrate anion adsorption in the H region. The OH adsorption was completely attenuated until at 0.8 V, i.e., a 70 mV shift compared with the CV measured in a sulfuric acid solution. The CV comparison was also conducted on Pt/C (∼2.5 nm), as shown in Fig. 4b . The similar narrowing of H UPD peaks and shifting to negative potentials, and delayed formation of OH/O were also observed. Our results demonstrate that the adsorption of citrate is stronger than that of (bi)sulfate on both Pd and Pt surfaces. Similar effects of citric acid on CVs of Pd and Pt surfaces were found in 0.1 M HClO 4 solutions (data not shown). Based on these CV studies, we may conclude that on both Pd and Pt surfaces, the OH/O species start to form at potentials higher than 0.8 V in a citric acid containing H 2 SO 4 solution, but with a much slower rate than in a citric acid free solution. The slower rate of oxide formation is due to the competition for surface sites between citric acid and oxygen. With a polished Pt polycrystalline electrode, these changes were even clearer (Fig. 4c) . Especially in the H UPD region, the onset potential of H adsorption shifted by ∼80 mV from 0.4 V to 0.32 V. According to Attard et al. and Sun et al., citric acid had no effect on Pt(111) in the H UPD region, but significant co-adsorption was observed on Pt(100). 24, 25 The negative shifting and narrowing of H UPD peaks on Pt nanoparticles were also observed in their study. 24 Figs. 4a-4c indicate that at potentials higher than 0.32 V, H cannot be adsorbed on Pd and Pt surfaces due to the strong adsorption of citric acid. The determination of exact potential window that citric acid exists on these metal surfaces requires studies with more surface sensitive techniques such as in situ FTIR. The specific adsorption of citric acid also affects the ORR activity of Pt/C. As shown in Fig. 4d , the half-wave potential of the ORR curve of Pt/C shifted to a negative direction by ∼65 mV upon adding 10 mM citric acid in a 0.1 M HClO 4 solution. The effect of the citric acid was more significant in the double layer than in the low or high potential regions. This might be due to a higher coverage of citrate anions on Pt surfaces in the double layer region. The adsorbed citrate anions can be easily removed from Pt surfaces by cycling the electrode in a clean HClO 4 solution into a low potential region (hydrogen evolution region, for example). After cycling, the ORR activity can be fully recovered (black dashed line in Fig. 4e ).
Since the Cu-Pt displacement reaction involves the Cu UPD layer deposited on Pd substrate, it is also essential to understand the adsorption of citric acid on Cu/Pd surface. Fig. 4f compares the Cu UPD on Pd/C in Ar-saturated 0.05 M H 2 SO 4 solutions with and without 0.1 M citric acid. Without citric acid, the Cu UPD curve was consistent with the literature data. 26 The Cu deposition was slightly delayed and the main deposition peak was broadened in a citric acid containing solution. The effect was more obvious in the stripping section, where the main stripping peak shifted positively by 50 mV from 0.57 V to 0.62 V. The completion of Cu stripping was also delayed by the similar amount. This result implies that the Cu monolayer is more stable in a sulfuric acid solution containing citric acid, which may be strongly adsorbed on Cu/Pd surface.
The strong adsorption of citric acid on Cu may alter the kinetics of the Cu-Pt SLRR reaction. To support this hypothesis, the OCP change during the Cu-Pt displacement reaction on a Pd/C thin film RDE tip was monitored. Fig. 5a shows the OCP (E) as a function of time (t) during the Cu-Pt displacement in Ar-saturated 0.05 M H 2 SO 4 + 1 mM K 2 PtCl 4 solutions containing citric acid with various concentrations. The displacement solution was stirred at 100 rpm to minimize the mass transport effect of reactants. Without citric acid in the solution (black dashed line), the OCP of the RDE tip increased quickly and reached the plateau in ∼25 s, indicating a very fast classic Cu-Pt SLRR reaction under this condition. 27 By introducing 0.2 M citric acid (a concentration similar to that used in the synthesis of Pd@Pt/C catalysts at gram batches), the OCP change rate was dramatically reduced and the potential did not reach the plateau until 50 s (blue line). These results clearly demonstrated that the existence of citric acid in the solution significantly changed the Cu-Pt SLRR kinetics. With a lower citric acid concentration (0.05 M), the shape of the E-t curve (red line) was only slightly changed as compared to the one without citric acid. Thus, the concentration of the citric acid also played a critical role in the SLRR reaction.
The effect of citric acid on the gram scale synthesis of Pd@Pt core-shell electrocatalysts was even more profound. As shown in Fig.  5b , without any citric acid in the solution, the OCP increased sharply and reached the plateau in 180 s (black dashed line) with a change rate about 2.44 mV s −1 . By adding 0.2 M citric acid in the solution, the shape of the E-t curve changed dramatically (blue line). There were two stages based on the change rate of the OCP. In the first 160 s, the OCP increased linearly with a rate of 1.38 mV s −1 . After that, the OCP increased at an even slower rate (0.66 mV s −1 ), which was only half of the first stage. The potential plateau was finally reached at ∼480 s.
All the electrochemical data indicate that citric acid has a profound effect on the Cu-Pt SLRR. In order to gain further understanding of the role of citric acid in improving the quality of the Pt shell, theoretical calculations of the interaction energies of citric acid on different surfaces and the simulation of the Cu-Pt displacement with/without citric acid were conducted. Fig. 6a compares the interaction energies of the citric acid on Pd(111), Cu/Pd(111), and Pt/Pd(111) surfaces. The highly negative interaction energy for citric acid (50 molecules) indicates that it is relatively stable when the interface consists of Pd (-1744.5 kcal mol −1 ), Cu (-1919.8 kcal mol −1 ) and Pt (-2011.4 kcal mol −1 ). The minor interaction differences among the metals also show that there is no preferential interaction that could weaken the structure during the UPD mechanism. The analysis of the adsorbed structures is shown in the radial distribution curve between the O in the OH and C=O groups of citric acid (Fig. 6b) . The average distance of the O(OH) and O(C=O) atom in citric acid was both measured to be 2.95Å, but the concentration of OH was relatively higher. This suggests that the alcohol group plays a more important role than the carboxylate group in the interaction mechanism. Fig. 7 illustrates the model used to simulate the replacement of Cu with Pt. Experimentally, the Pt will replace Cu atoms one by one through random collision of the ions with nanoparticles. However, this process would be difficult due to limitations of changing forcefield and its ability to increase the model size and time in the computer program. Also, smaller versions of this systems were tested with water molecules including anions (Cl − ) to balance the charges. However, they did not show significant interactions toward the surface, and were removed when the model size was expanded in the current study. The current model was created such that all Pt atoms had reached the surface of the nanoparticle and the UPD process was achieved spontaneously, where all Cu atoms were oxidized to Cu 2+ ions. Throughout the simulation, as shown in Fig. 8 , it is possible to observe the rapid repulsion of Cu 2+ ions, but the motion of Pt was relatively stable and adsorbed onto the Pd surface. After simulated time of 1000 ps, it is obvious that the system without citric acid did not deposit Pt atoms with a monolayer structure, but create empty spaces along the surface to form islands (Fig. 8a) . The exposure of Pd surface and the formation of Pt clusters are possible factors that reduce catalytic activities of Pd@Pt/C toward oxygen reduction reactions. For the case with citric acid, the Pt surface was much more uniform with only a few missing atoms after 1000 ps of simulation (Fig. 8b) . These results clearly demonstrated that the adsorption of citric acid on the modeled surfaces might be the main reason for the formation of a more uniform Pt monolayer on Pd cores. The process can also be illustrated graphically in the concentration profile of the atoms at various times to compare the systems without (Fig. 9a) and with (Fig. 9b) citric acid. Initially, all atoms were in the metallic state and exhibited uniform packing with the (111) structure. Cu and Pt were at a distance of 9 Å and 11 Å, respectively. Once the reaction was initiated, the system without citric acid underwent Pt atoms being replaced and moving toward a closer distance at 25 ps, while Cu 2+ ions were scattered throughout the system at distances up to 20 Å with further simulated time of 1000 ps. However, when the same time frame of 25 ps are compared, the Pt atoms had a lower concentration when citric acid molecules were present, indicating that the Pt deposition process was relatively slower than the system without citric acid, which is consistent with experimental data. The concentration of Pt continued to increase at the 9 Å region with further simulation time. This indicates the presence of more crystalline structure to form the Pt monolayer on the Pd surface.
The motion of the formed Cu 2+ ions can also be analyzed from the plot of its diffusivity (or mean squared displacement) over a period of time (Fig. 10) . The much larger value for Cu 2+ without the presence of citric acid than with citric acid indicates that Cu 2+ of the former has a high probability to leave the surface and is able to reach a further distance within a shorter period of time. In the case with citric acid, it is able to increase the stability of Cu 2+ by compressing the surface from strong interactions. The slower diffusion rate of Cu 2+ can reduce the amount of defects as it allows Pt atoms to slowly replace Figure 10 . Plot of the diffusivity of Cu 2+ ions during the displacement process with and without citric acid. their positions, where a rapid diffusion of Cu 2+ from the surface can cause more Pt monolayer regions to be shifted upwards to form a secondary layer or clusters on the Pd surface.
The behavior of citric acid molecules on the Pt/Pd surface can be observed over a period of 1000 ps, as seen in Fig. 11 . Initially, citric acid adsorbed on the Pt surface formed a dense layer at the interface corresponding to ∼14 Å in cell position. During the simulation, Cu 2+ atoms were repelled from the surface, pushing the citric acid layer upwards. As seen at the time frame of 10 to 500 ps, Cu 2+ ions could force the citric acid layer to shift slightly upwards by ∼1 Å, such that the atomic concentration at the interface decreased and lost its densely packed layer. However, the formation of the Pt monolayer is differentiated by the strong interaction with the Pt/Pd surface. As seen previously, the Pt/Pd surface had the strongest interaction with the citric acid molecules. After most of Cu atoms were replaced by Pt atoms and entered into the solution, the citric acid molecules will move towards the new Pt monolayer that have been stabilized, which shifted the atomic concentration by 1.3 Å, from 14.0 to 12.7 Å, the approximate length of one monolayer. After 1000 ps, the dense packing of the citric acid layer could not recover quickly over the long period of time. This shows that a surfactant with a strong interaction with the surface can stabilize the motion of Pt atoms, such that it compresses the layer to slow down the Cu 2+ and Pt from vibrating too quickly, which allows Pt to form a secondary layer.
Conclusions
The role of citric acid in controlling the uniformity of Pt monolayers on Pd was studied by electrochemical techniques and theoretical approaches. It was found that citric acid strongly adsorbs on Pd, Pt, Cu/Pd and Pt/Pd surfaces, especially in the double layer region in acid solutions, according to their CVs in citric acid containing solutions. The strong interactions between the citric acid and surfaces of Pt and Cu/Pd were further confirmed by the electrodeposition of Pt and delayed stripping of Cu UPD layer on Pd surfaces, respectively. The strong adsorption of citric acid slowed down the Cu-Pt displacement reaction as indicated by the decrease of the rising rate of the open circuit potential during the reaction. This phenomenon might be caused by the fact that Pt atoms deposited on the Pd surface in the early stage of the Cu-Pt displacement reaction were covered by a dense layer of citric acid in the potential range where the reaction occurred. As a result, further deposition of Pt on the already existing Pt atoms covered by a citric acid layer to form 3D clusters was prohibited. The Cu-Pt SLRR process was further studied using molecular dynamics simulations with a simplified model. The results confirmed that citric acid could interact strongly with Pd, Cu/Pd, and Pt/Pd surfaces. The main characteristics of such strong interaction most likely arise from the OH groups in the citric acid molecule.
